A pentane-methanol mixture was taken as a convenient model of practical stationary phase functioning in the reversedphase liquid chromatography (RPLC) system consisting of octadecyl-bonded silica gel (ODS) and methanol. The capacity factor (k') of tris(/3-diketonato)chromium(III) or bis(/3-diketonato)palladium(II) observed in the ODS/methanol system was compared with the ratio of the solubility of the complex in a pentane-methanol mixture to that in methanol. A pentane-methanol mixture, containing methanol in a mole fraction range 0.42 -0.66, was found to be a medium comparable to the stationary phase in the RPLC, because the distribution of the complex was similar. Furthermore, the incorporation of methanol into alkyl-moiety of ODS was confirmed experimentally. The above facts suggest that the stationary phase functioning in the RPLC consisting of ODS and methanol is a mixed phase of the alkylmoiety of ODS and methanol incorporated from the mobile phase into the moiety for the complex tested.
Reversed-phase liquid chromatography (RPLC) is an effective method for separation of various substances, organic compounds as well as metal complexes. Alkylbonded silica gel is used as a column packing material in almost all instances of separations. If the retention mechanism of a solute in RPLC has been completely clarified, the elution time of a solute can be predicted. Several workers have discussed the solvophobic adsorption of a solute to the alkyl-moiety of alkyl-bonded silica gel or the partition between the stationary phase and mobile phase. The retention mechanism was dealt with in reviews12 and monographs3 '4 , and the retention is also discussed as a function of the activity of a solute in the mobile phase5,6 and the thermodynamic parameters.' On the other hand, thermodynamics-11 or spectroscopicl2,13 studies have clarified that mobile phase component(s) can be incorporated into the alkyl-moiety of ODS. However, the experimental relation between the retention of a solute and the incorporation of mobile phase component(s) has seldom been reported. So the retention mechanism is still an interesting subject for many chromatographers.
In our previous studies, the capacity factors (k') of metal /3-diketonates14, 15 or organic compounds16 in the ODS/(methanol-water mixture) system were compared with their liquid-liquid partition coefficients (P) in the dodecane/(methanol-water mixture) system. We elucidated that the characteristics of the stationary phase in RPLC were similar to, but not completely comparable to those of the dodecane phase, in respect of the solute distribution. We found that the more polar ("polar" means that the interaction with methanol and/or water is strong) a solute was, the more easily the solute was transferred from a methanol-water phase to the stationary phase rather than to the dodecane phase. This also suggested that the mobile phase component(s), such as methanol and/or water, was incorporated into the alkylmoiety of ODS, and that the solute interacted with both the alkyl-moiety and the solvent incorporated.
A mixture of an alkane and methanol is thus expected to be a suitable model of the stationary phase with respect of the solute distribution. In other words, the thermodynamic stability of a solute in an alkane-methanol mixture would nearly agree with that in the stationary phase in RPLC. Pentane is miscible with methanol in all proportions at room temperature, and therefore we try to take a pentane-methanol mixture as a convenient model of the stationary phase in RPLC consisting of ODS and methanol. The f3-diketonato complexes with chromium(III) and palladium(II) are employed as solutes in this study.
In order to characterize the stationary phase, the thermodynamic stability in this phase is compared with that in the pentane methanol mixture. For the sake of comparison, the solubilities of a metal complex are measured in pentane-methanol mixtures of various compositions, and the solubilities are compared with k' in RPLC. The amount of solvent incorporated into the alkyl-moiety of ODS is estimated from the total amount of solvent in a column and the amount of solvent functioning as the mobile phase.
Experimental
Reagents Tris(acetylacetonato)chromium(III), tris(3-phenylacetylacetonato)chromium(III), bis(acetylacetonato)-palladium(II) and bis(3-phenylacetylacetonato)palladium(II) (Cr(acac)3, Cr(phaa)3, Pd(acac)2 and Pd(phaa)2, respectively) were taken as test compounds. They were prepared as explained previously.14 Distilled methanol and doubly distilled water were used. Other reagents were of analytical reagent grade.
HPLC system
A solvent delivery pump (Model 655-15, Hitachi), an injection valve (Model 7125, Rheodyne) with a 10 mm3 sample loop, a UV-visible spectrophotometric detector (Model SPD-6AV, Shimadzu) and a data processor (Model C-R6A, Shimadzu) were connected into an HPLC system. The column (TSK-gel ODS-120T, particle size 5µm,150 mmX4.6 mm i.d., Tosoh) was identical to that used previously.14"6 The column void volume determined with NaNO3 was 1.57 cm3.14,16 In this work, methanol containing 0.1 M (1 M =1 mol/ dm3) NaCI was used as the mobile phase to re-determine the column void volume.
Measurement of the solubility of metal complex
Pentane-methanol mixtures were prepared so as to contain methanol at these volume fractions: 0, 0.05, 0.12, A saturated solution of each complex was prepared by using the system shown in Fig. 1 . About a 5 cm3 aliquot of a pentane-methanol mixture and an excess amount of a solid metal complex was stirred in a vessel for 6 -100 h with a magnetic stirrer in a thermostated water bath at 25° C. By putting air into the vessel, the saturated solution of a metal complex was taken out from the vessel through a PTFE membrane filter held in a polypropylene cartridge (DISMIC-3j, pore size 0.50 µm, effective filtrating area 0.06 cm2; Tosoh).
A 10 mm3 aliquot of the saturated solution, or its dilution by 10 -100 times with methanol, was applied to HPLC analysis for determination of the concentration of the complex in the saturated solution. The HPLC conditions used are as follows: column, Inertsil ODS-2 (GL Science, particle size 5 µm, 150 mmX4.6 mm i.d.); mobile phase, mixtures of methanol-water, 55 : 45 and 88 :12 (by weight ratio), for acac-and phaa-complexes, respectively; a UV-visible absorption detector (SPD-6AV, Shimadzu). The wavelength of the detector was set to 350 nm; here each complex had an absorption (£104 M~1cm-1).
Determination o f the amount of solvent incorporated into the alkyl-moiety of ODS
The total amounts of solvent in the column (TSK-gel ODS-120T) were measured for the following solvents: heptane, benzene, carbon tetrachloride, dichloromethane, acetone, acetonitrile, methanol and ethanol. After 25 -50 cm3 of a solvent were pumped into the column, it was capped and then weighed (column weight, We). The total amount of solvent in the column was calculated from W~ and the density of the solvent, as detailed in the following section. Results and Discussion
Effect of carbon number of alkane used as a solvent on the chemical potential of a solute ODS is the silica gel whose surface is chemically modified with octadecyl (-C18H37) group. In this study, pentane (C5 H 12) is taken as the model alkane instead of octadecane which possesses carbon numbers corresponding to the alkyl-moiety of ODS. The effect of the carbon number of alkane on the thermodynamic stability of a solute is examined here. Figure 2 shows the relationship between the liquidliquid partition coefficients (P) of organic compounds and metal complexes in the heptane/water (PHep/w)17-20 and those in the dodecane/water system (PDod/w). [17] [18] [19] [20] The partition coefficient of a solute between two phases reflects the difference between the thermodynamic stability of the solute in the respective phases. A linear relation is observed between log PHep/w and log PDod/w. The slope and the ordinate intercept of the plot shown in Fig. 2 have been calculated as 1.01 and -0.12, respective- Solubility of metal f3-diketonate in a pentane-methanol mixture To determine the solubility, the calibration curve of the chromatographic peak area against the concentration was first examined. Some standard solutions in which the concentration of the complex was 1X106 --1X103 -M were injected. In this concentration range, the calibration curve was linear for every metal /3-diketonate.
An excess amount of solid Pd(acac)2 was stirred at 25° C for 6 -100 h in methanol or in a pentane-methanol mixture, and the time dependence of the concentration of Pd(acac)2 in the solution was examined. After stirring for more than 8 h, the concentration of Pd(acac)2 was constant, with relative standard deviations less than 5% (n=3), and thus the solubility equilibrium was regarded as attained. The solubility (S) of Pd(acac)2 in methanol was determined as (4.62±0.19)X103 M, which agreed with a literature value, (4.74±0.12)X103 M.2'
For other complexes the solubilities were also determined after stirring for more than 8 h. The measurement of S was repeated three times for each complex; the S values were obtained with relative standard deviations of less than 5% for all instances.
The solubility (log S) of four metal complexes in a pentane-methanol mixture is plotted as a function of mole fraction of methanol (XMeoH) in the mixture in Fig. 3 . The S value of each complex tends to increase with increasing XMeoH. When XMeoH is larger than about 0.8, S of the complexes other than Cr(acac)3 decrease with increasing XMeoH.
Relation between the capacity factor in RPLC and the solubility in a pentane-methanol mixture Every metal /3-diketonate gave a sharp and symmetric chromatographic peak; that means the absence of any undesirable adsorption or demetalation of the complex during the chromatographic process in RPLC.
The retention times of the metal /3-diketonates were almost constant within the concentration range of 1x10-6 -1X103 -M in the injected solution. Therefore the octadecyl-bonded stationary phase behaves as a homogeneous phase in this concentration range and for the solutes used, although the phase is not necessarily homogeneous actually. In the following sections, we discuss the characteristics of the stationary phase by regarding it as a homogeneous phase.
The capacity factor (k') of a solute is a product of the distribution constant (K) of the solute between the stationary phase and the mobile phase (methanol in this work) by the so-called phase ratio (4) . By using the chemical potential of the solute in the stationary phase (i 8Ds) and methanol (j, eoH), the following equation is derived:
where R and T are the gas constant and the absolute temperature, respectively.
On the other hand, the solubility of a solute can be expressed with the chemical potential of the solute in a solid state (µ4), that in the solution at infinite dilute (µ°) and the activity coefficient (y) in the solution as log S = (µ* -i°)/2.308T-logy.
The solubility in a pentane-methanol mixture (SpM) and that in methanol (SMeoH) is expressed in the similar way to Eq. (2) with the chemical potential in the pentanemethanol mixture (µPM) and that in methanol (µMeOH), respectively. When the solubility is low, y is almost equal to unity. Accordingly, the ratio, SpM/SMeoH, is given by:
The void volume, which corresponds to the volume of the solvent functioning as the mobile phase in the column, was measured as 1.57 cm3, which was corrected for tubing dead volume.14"6 To confirm this value, methanol containing 0.1 M NaCI was used as mobile phase.
The amount of mobile phase to elute NaNO3 from the column was 1.57±0.01 cm3 and agreed with that of NaNO2.
Therefore, the value is proper for the void volume of the column.
The void volume is smaller than the foregoing V value, which indicates that a fraction of the solvent contained in the column is incorporated in the alkyl-moiety of ODS.
The amount of the incorporated solvent is estimated as 0.12 cm3 from the difference between V and 1.57 cm3.
When the thermodynamic stability of the solute in the stationary phase agrees with that in the pentanemethanol mixture (i.e. µ0DS -µpM), the following relation derived from Eqs. (1) and (3) is expected:
Then, the relation of log k' vs. log (SpM / SMeoH) would be linear with a slope of unity and an intercept of log 4. In order to discuss the validity of Eq. (4), the value will be estimated in the following sections.
Amount of mobile phase solvent incorporated in the alkylmoiety of ODS To know the adequate amount of solvent for conditioning the column, the column weight ( W~) was measured after pumping 25 cm3 and 50 cm3 of acetonitrile through the column used; 88.8933 g and 88.8929 g were obtained, respectively. These values agreed within 1 mg, which was less than 0.1% of the following amount of solvent in the column. Therefore, 25 cm3 was regarded as an adequate amount of solvent for conditioning the column. The same condition was applied to the measurements of W~ with other solvents.
Wc is the sum of the weight of solvent in the column ( W01) and the weight ( W0) of other parts, such as packing material, filter, etc. Hence, W~ can be expressed as:
where Vt and d are the volume of solvent in the column and the density of the solvent, respectively.
It was found that W~ was linear with the d of solvent22 (at 25° C) with a correlation coefficient more than 0.999, and a slope of 1.689±0.005 cm3 (95% confidence level). According to Eq. (5), the slope of the W vs, d plot corresponds to Vt.
For some instances, the solvents in the column were eluted and determined by gas chromatography or spectrophotometry as 1.69, 1.68 and 1.68 cm3 for heptane, benzene and acetone, respectively. These values are close to the slope value of the W~ vs. d plot, so 1.69 cm3 is a reasonable value as the total amount of solvent ( Vt) in the column.
Estimation of phase ratio in RPLC
The phase ratio (4) in RPLC was estimated by regarding the effective stationary phase as just the alkyl-moiety bonded on an Si02 matrix, in the first approximation.
From the density (0.38 g/cm3), carbon content (21%) of the packing material and the molar volume of octadecane (326.9 cm3/mol)22, the volume of the alkyl-moiety of ODS was estimated as 0.30 cm3 in the column used (the inner volume of the column was 2.49 cm3)14 Then, the value was calculated as 0.19 by dividing the volume of alkyl-moiety (0.30 cm3) by the void volume (1.57 cm3).
In the second approximation, was calculated by assuming that the practical stationary phase was a mixed phase of octadecyl-moiety of ODS and the solvent (methanol) incorporated into the moiety. On this assumption, the volume of the stationary phase was regarded as the sum of the volume of octadecyl-moiety (0.30 cm3) and that of incorporated solvent (0.12 cm3); the value was calculated to 0.27 (0.42/1.57).
Comparison of the stationary phase in RPLC with a pentane-methanol mixture
The activity coefficients (y) of Pd(acac)2 and Cu(acac)2 were shown to be almost unity from their solubilities in heptane and methanol.21 Therefore, the situation would be similar for the other complexes. Figure 4 shows the plots of log k' of each complex in the ODS / methanol system14 vs. log (SpM / SMeoH). The RSDs of the retention volume of the complex and those of the void volume were less than 1% for each instance. The standard deviations of log k' are indicated as bars for Cr(acac)3. For the other complexes, the deviation is within the area of each symbol. For a linear relation between log k' and log (SpM/ SMeOH), a straight line can be drawn by the least-squares method, for each set of the plots for the same condition of solvent. In this figure, the straight lines corresponded to Eq. (4) are superimposed; the dotted line is drawn with the 4 value of 0.19 that is obtained by regarding the stationary phase as just the octadecyl-moiety of ODS; the broken line is drawn with the value of 0.27 obtained by considering the incorporation of solvent into the octadecyl-moiety. When a certain set of experimental plots falls on these lines, the value of µ8DS is comparable to the value of µPM.
For pentane-methanol mixture with an XMeoH not more than 0.28, no linear relationship with a unit slope is found between log k' and log(SPM/SMe0H), and all plots deviate upward from both the broken and dotted lines in Fig. 4 . According to the comparison of Eq. (1) with Eq. (3), this indicates that the solutes (i.e. metal complexes) are more thermodynamically stable in the stationary phase than in the pentane-methanol mixture, i. e. µODS < µPM. In the case for XMeoH 0.81, the slope is 2.0, and thus the equality of µODS and µ°M is poor. On the other hand, for XMeoH 0.42 and 0.66, a linear relationship possessing correlation coefficients more than 0.97 is observed. In these cases, the slopes are 0.9 and 1.2, respectively, and the intercepts of ordinate are near to the broken line as shown in Fig. 4 . Therefore, the pentanemethanol mixtures with these compositions are nearly comparable to the stationary phase in the RPLC consisting of ODS and methanol in respect of the distribution of the solute tested.
This study gives the following experimental results: (1) A fraction of the mobile phase (methanol) was incorporated into the alkyl-moiety of ODS, as shown by other techniques.8-13 (2) The practical stationary phase in the RPLC consisting of ODS and methanol was regarded as a mixture of the octadecyl-moiety of ODS and the solvent incorporated into the moiety for the complexes used. (3) A pentane-methanol mixture is a promising candidate of convenient model for discussing the function of the stationary phase in RPLC.
